is an important form of soil degradation that can reduce soil productivity and crop yields, although 33 the impacts can be reversed through natural processes and mitigated through management 34 interventions. While commonly used, substantial knowledge gaps exist regarding the impact of soil 35 compaction mitigation techniques on key soil macrofauna; many of these organisms are essential to 36 soil function. A complete split-plot design was used to investigate the impacts of mechanical 37 loosening (subsurface soil disturbance using tines or radial blades without significant soil mixing or 38 inversion) and power harrow cultivation (shearing and mixing of soil to prepare a seedbed for the 39 establishment of a deep-rooting forb and legume mix) on the abundance and biomass of 40 earthworms up to two years post-treatment. Mechanical loosening was undertaken at two depths, 41 c. 20 cm and c. 35 cm as two separate treatments. There was a negative effect of mechanical 42 loosening at both depths on the abundance and biomass of anecic earthworms, lasting up to two 43 years post-treatment. There was no significant effect of power harrow cultivation on the abundance 44 or biomass of earthworms. These negative effects are consistent with other studies that have shown 45 mechanical loosening to be a source of earthworm mortality. Although these findings resulted from 46 a single episode of power harrow cultivation and mechanical loosening at a single site, the results 47 3 indicate that the mechanical loosening of grassland soil can have a negative impact on important soil 48 macrofauna and should possibly only be undertaken when the soil is in the most severely degraded 49 conditions. Further work is needed to determine whether the negative impact of mechanical 50 loosening is common to multiple sites and soil types and to link the reduction in earthworm number 51 and biomass to future soil function. 52
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Introduction

54
The effects of soil management on soil biodiversity and function are not as well understood in 55 grassland systems as they are in arable systems (Vickery et al., 2001 ). Grasslands provide multiple 56 benefits to society, including food production, water regulation, carbon storage and the provision of 57 important habitats for a wide range of taxa. These include invertebrates (Hendrickx et al., 2007) , in 58 particular lepidopterans (Bourn and Thomas, 2002) ; mammals (e.g. brown hare Lepus europaeus 59 (Hutchings and Harris, 1996) ); and birds (Vickery et al., 2001 ) (e.g. corncrake Crex crex (Green and 60 Stowe, 1993) ). Many of the species supported by grasslands are experiencing serious population 61 declines due to a combination of factors including habitat loss, increases in stocking rates and 62 intensification of management practices (Allan and Bossdorf, 2014 ). While the above-ground 63 biodiversity of grasslands is of increasing conservation concern, soils are one of the most species-rich 64 habitats within the terrestrial ecosystem (Bardgett, 2005; Heywood, 1995) and are often overlooked 65 within conservation policy (Giller, 1996; Haygarth and Ritz, 2009 ). Soil biodiversity is likely to play an 66 important role in the provision of important ecosystem services such as regulating water quality, 67 maintaining food security and providing carbon storage (Millennium Ecosystem Assessment, 2005) . 68
Facilitative interactions between functionally diverse groups of soil organisms drive ecological 69 processes, such as litter decomposition, nutrient cycling and bioturbation (Bradford et al., 2002 ; 70 Heemsbergen et al., 2004) . 71 increase water infiltration rates and root development by creating macropores that improve soil 124 structure and porosity. Endogeic species feed on mineral soil enriched with organic matter and also 125 improve soil structure by creating a netlike system of smaller subsurface burrows. Epigeic species 126 are found in the hummus layer and feed on plant litter. 127
This paper investigates the null hypothesis that mechanical loosening, power harrow cultivation, or 128 the addition of deep-rooted forbs, have no effect on the abundance and biomass of earthworms. 
Methods
136
We tested two methods known to alleviate soil compaction: mechanical loosening, and power 137 harrow (PH) cultivation with the establishment of deep rooting forbs, including legumes. We 138 investigated the effect these treatments had on the abundance and biomass of earthworms up to 139 two years post-treatment. A collective analysis was firstly performed on all earthworm data, before 140 separately analysing how anecic earthworms responded to treatments. Endogeic earthworms were 141 not analysed separately due to the low numbers observed. Only adult earthworms were identified to 142 species level due to uncertainty in the species identification of juveniles. 143
Study site and data collection
144
Field experiments were carried out at Nafferton Farm, northern England (54°98'57 N, 001°90′04 W). 145
The soil was a sandy clay loam and was historically in a grassland-arable rotation; seven years 146 grassland, followed by four years arable production. Arable production consisted of three years in 147 winter wheat and one year in spring barley (undersown). In the seven years preceding the start of 148 the treatments the study site had been in continuous grassland under an organic dairy production 149 system and was cut for silage two to three times per year. It was grazed by adult dairy cows between 150
September and October each year and 100 ewes were overwintered. Dairy slurry was applied 151 annually and dirty water twice annually amounting to approximately 15 machinery passes per year. 152
Initial treatments were applied on the 2 nd September 2010 and earthworm sampling was undertaken 153 one year after treatment, in October and November 2011 (over 22 days), and in September and 154
October 2012 (over 15 days) two years post-treatment. Sampling was carried out between 0800 and 155 1400 hrs; data were not collected in adverse weather conditions or when frost or snow covered the 156 ground. The mean monthly soil temperature and precipitation for the duration are presented in 
Experimental design
161
The effects of different soil compaction mitigation techniques were tested using a split-plot, 162 randomised block experimental design; there were nine treatment combinations (Table 1) Stellaria media also occurred frequently. The power harrow treatment (treatments 4 -9) was designed 178 to create at least 50% bare ground within the sward as suitable regeneration niches for the deep-179 rooting forb and legume mix (Table 2) December and February in the months following mechanical loosening, sheep were introduced to the 183 plots for short single grazing periods (c. 12-24 hrs) to control sward height and avoid shading out of 184 introduced species (Table 3) . 185 186 Table 2 . Deep-rooting forbs and legume mix used in treatments 7-9. Grass species are marked*
187
Scientific name
Common name
Achillea millefolium Yarrow
Centaurea nigra Common Knapweed
Cichorium intybus Chicory
Hypochaeris radicata Catsear
Lotus corniculatus Birdsfoot Trefoil
Plantago lanceolata Ribwort Plantain
Sanguisorba minor subsp. muricata Forage Burnet
Trifolium pratense var. pratense (wild)
Wild Red Clover
Trifolium pratense var. sativum (commercial) Commercial Red Clover
Trifolium repens (small-leaved) Small-leaved White Clover
Trifolium repens (large-leaved)
Large-leaved White Clover
Agrostis capillaris
Common Bent*
Anthoxanthum odoratum
Sweet Vernal-grass*
Cynosurus cristatus
Crested Dog's-tail* 188 Table 3 Grazing periods and stocking densities were specified as fixed factors; soil temperature was the only continuous variable, included to 214 account for possible diurnal patterns within earthworm activity. 215
Due to additional project aims the sampling of replicates was unbalanced. To achieve balanced 216 sampling replicates that had been sampled more than twice in 2011, or more than once in 2012, 217
were randomly subsampled prior to analysis (Table 1) . A preliminary analysis was completed for 218 both earthworm abundance and biomass that included all earthworms, i.e. adults and juveniles of all 219 species. Abundance data were analysed using generalized linear mixed models (GLMMs) using the 220 package lme4 1.1-8 (Bates et al., 2015) and a negative binomial error structure (glmer.nb) to account 221 for overdispersion. Biomass data were Box-Cox transformed to fulfil model assumptions prior to 222 analysis using linear mixed models (LMMs) in the package nlme 3.1-120 (Pinheiro et al., 2015) . The 223 random effect (1|block/PH cultivation) was included in both models to account for spatial variation 224 within the data and to acknowledge the hierarchal design of the experiment. Main effect models 225 with and without the random effect were compared using AIC (abundance 757.4 GLMM vs 753.41 226 GLM and biomass 528.3LMM vs 525.74LM). Due to an extremely low level of spatial variation 227 (abundance σ 2 = 1.77 -12 and biomass σ 2 = 1.61
) and small n, the random effect was dropped from 228 the final analyses to avoid models that were over-parameterised. Therefore, generalized linear 229 models (GLMs) were used to model abundance data and were fitted with a negative binomial error 230 structure (glm.nb) using the package MASS to account for overdispersion; linear models (LMs) were 231 used to analyse the biomass data. The significance of main effects and interactions were assessed 232 using likelihood ratio tests to compare nested models. 233
Results
234
Seven earthworm species were observed within the study site: two anecic species (lob worm L. 235 terrestris and black-headed worm Aporrectodea longa), four endogeic species (green worm 236
Allolobophora chlorotica, blue-grey worm Octolasion cyaneum, grey worm Aporrectodea caliginosa 237 and rosy-tipped worm Aporrectodea rosea) and one epigeic species (redhead worm Lumbricus 238 rubellus) (Table 4) TukeyHSD) (Fig. 2B) . There was no significant difference between shallow loosened plots and 258 unloosened plots in 2011 (p = 0.559, TukeyHSD). There was significantly lower MPR (15 -30 cm) in 259 shallow and deep loosened plots compared to unloosened plots in 2012 (both p < 0.001, TukeyHSD), 260 but no significant difference between shallow and deep loosened plots (p = 1.000, TukeyHSD). There 261 was a significant interaction between mechanical loosening and year (F = 3.06, d.f. = 6, p = 0.007) on 262 BD (0 -10 cm); however, there were no significant post-treatment differences between treatments 263 in the same year. There was a significant effect of loosening on BD (0 -10 cm) (F = 4.22, d.f. = 2, p = 264 0.017) (Fig. 2C) ; BD on shallower loosened plots was significantly lower than on unloosened plots 265 2004) when deep-rooted legumes were included in maize cropping systems. However, in this study 341 they had no significant effect on soil physical measurements or on the abundance and biomass of 342 earthworms. Unfortunately it was not possible to disentangle the effects of power harrowing on 343 vegetation cover from the addition of sown forbs because they were necessarily combined in the 344 same treatment to ensure successful establishment of the sown forbs. 345
Earthworms
346
The negative effect of mechanical loosening on earthworms varied between years when all 347 earthworms were analysed collectively and when anecic earthworms were analysed separately; 348 there was no significant effect of PH cultivation identified by either the collective analysis, or the 349 separate anecic analysis. Patterns across treatments were similar for both abundance and biomass. were not possible. Mustard extraction (Gunn, 1992) , was chosen for its ease of preparation in the 371 field and non-lethal effects. The same batch of mustard was used throughout to standardise the 372 chemical composition and extractive properties of the solution between sampling attempts. The 373 numbers of earthworms observed in this study was lower than would be expected in temperate 374 grassland (Table 2. 
